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Previous  work1*2s3 i n  r i c h  hydrogen-oxygen-diluent f lames h a s  shown t h a t  i n  
t h e  f i n a l  s t a g e  of t h e  combustion r e a c t i o n ,  s e v e r a l  r e v e r s i b l e  reaction s t e p s  ape 
main ta ined  s u b s t a n t i a l l y  i n  equ i l ib r ium,  wh i l e  n e t  p rog res s  i s  achieved  by t h e  re- 
moval of  excess  s p e c i e s  through three-body recornbination r e a c t i o n s .  The r e v e r s i b l e  
r e a c t i o n s  couple  t h e  recombina t ion  p a t h s ,  so t h a t  each recombination r e a c t i o n  has  
t h e  same degree  of nonequi l ibr ium ( r a t i o  of equ i l ib r ium cons tan t  t o  t h e  q u o t i e n t  of 
t h e  a c t i v i t i e s  of p roduc t s  and r e a c t a n t s ) ,  and a s i n g l e  measurement s e r v e s  t o  d e t e r -  
mine t h e  chemical composition. 
t h e  impor tan t  recombina t ion  r e a c t i o n s  are: 

K i n e t i c s  s t u d i e s  i n  such flames3,‘) have shown t h a t  
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and have provided va lues  of t h e  r a t e  c o e f f i c i e n t s  kl and k 

Observa t ions  on t h i s  r e a c t i o n  system i n  shocked g a s  mix tu res  have heen re- 
po r t ed  i n  e a r l i e r  papers  of t h e  p r e s e n t  ~ e r i e s , ~ , ~ , ’  and have i n d i c a t e d  e s t a b l i s h -  
ment of equ i l ib r ium c o n d i t i o n s  i n  t h e  r e v e r s i b l e  r e a c t i o n  s t e p s  promptly a t  t h e  
end of t h e  induc t ion  per iod .  
t h e  slow disappearance  of  OH fo l lowing  its maximum concen t r a t ion  i n  shocked H2-02- 
Ar mixtures .  

under flame cond i t ions .  

This  paper  r e p o r t s  measurements of  t h e  k i n e t i c s  of 

EXPERIMENTAL METHODS 

Basic shock wave t echn iques  and t h e  u l t r a v i o l e t  l i n e  abso rp t ion  method of 
de te rmining  OH concen t r a t ion  have been d i scussed  i n  P a r t  15. 
i f i c a t i o n s  of appa ra tus  and procedures  have been inco rpora t ed  i n  t h e  p re sen t  work, 
and it is a p p r o p r i a t e  t o  p r e s e n t  t h e  methods used i n  t h i s  i n v e s t i g a t i o n .  

However, many mod- 

The dimensions of t h e  c i r c u l a r  shock t u b e  were: i n t e r n a l  d i ame te r ,  10 cm 
throughout ;  d r i v e r  chamber l e n g t h ,  1 9 2  cm; test chamber l eng th ,  373 cm. Its  con- 
s t r u c t i o n  was of  b r a s s ,  and t h e  i n t e r i o r  s u r f a c e  of  t h e  test chamber was p l a t e d  
wi th  n i c k e l  t o  dec rease  its poros i ty .  S i n g l e  and m u l t i p l e  l a y e r  brass shim s tock  
diaphragms were used. Evacuat ion  of t h e  t e s t  chamber was accomplished through a 
s i d e  p o r t  l o c a t e d  13 cm from t h e  diaphragm p o s i t i o n .  
w i th  an  NRC 8-2 o i l  d i f f u s i o n - e j e c t i o n  b o o s t e r  pump backed by a Kinney KC 5 mech- 
anical  pump. 
gauge connected t o  a s i d e  p o r t  midway a long  its l eng th .  

F i n a l  evacua t ion  was done 

Vacuum measurements i n  t h e  test chamber were made wi th  a CVC P h i l i p s  

res i 
and 

Shock v e l o c i t y  measurement was made by a series 
These gauges were 1 mm by 6 mm and 

They were f l u s h  mounted wi th  t h e  s h o r t e r  
.stor gauges. 
200 0 .  

of f i v e  d e p o s i t e d  platinum 
had r e s i s t a n c e s  between 30 
dimension d i sposed  a x i a l l y  
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a t  i n t e r v a l s  of 60.00, 50.00, 30.00, and 29.94 cm, beginning  198  c m  from t h e  
diaphragm. 
a f te r  6.25 psec, mixed w i t h  1 0  psec t iming  marks, and p resen ted  on an  o s c i l l o s c o p e  
raster8 ope ra t ing  a t  100 v s e c / l i n e .  A modified Tekt ronix  545 ins t rument  was used. 

The gauge o u t p u t s  were ampl i f i ed ,  shaped by 2D21 t h y r a t r o n s ,  echoed 

The q u a r t z  windows f o r  t h e  l i g h t  beam used i n  measuring OH c o n c e n t r a t i o n s  
were l o c a t e d  1.3 cm downstream from t h e  f o u r t h  v e l o c i t y  Eauge, some 34 c m  from t h e  
end of t h e  shock tube .  This  s e t u p  allowed s e v e r a l  hundred microseconds for  obser -  
v a t i o n  of  t h e  moving g a s  beh ind  t h e  i n c i d e n t  shock wave b e f o r e  t h e  a r r i v a l  of t h e  
r e f l e c t e d  wave from t h e  end plate o r  t h e  hydrogen d r i v e r  g a s  from upstream. 

The o p t i c a l  t r a i n  from t h e  f l a s h  d i scha rge  lamp to t h e  p h o t o m u l t i p l i e r  de t ec -  
tor was mounted independent ly  of t h e  shock tube .  The f l a s h  lamp was opera ted  i n  
t h e  way desc r ibed  i n  Part 15. 
vapor p r e s s u r e  was r e g u l a t e d  a t  0.9 mm Hg by N a C  H 0 

A t  t h i s  working p r e s s u r e  t h e  luminos i ty  was much f reer  of  s p u r i o u s  f l u c t u a t i o n s  i n  
i n t e n s i t y  t h a n  a t  h i g h e r  p r e s s u r e s ,  and its i n t e n s i t y  was on ly  s l i g h t l y  diminished. 
A 2.5 c m  f o c a l  l e n g t h  s p h e r i c a l  l e n s  immediatelv i n  f r o n t  o f  t h e  lamp focused t h e  
luminous r eg ion  i n s i d e  t h e  t o r o i d a l  anode crudely  a t  t h e  monochromator en t r ance  
slit 70 c m  away, p rov id ing  condensa t ion  o f  t h e  beam i n  t h e  ( v e r t i c a l )  d i r e c t i o n  
a long  t h e  2 mm by 10 mm c o l l i m a t i n g  s l i t s  on e i t h e r  s i d e  of t h e  shock t u b e  windows. 
The luminous reg ion  i t se l f  w a s  s u b s t a n t i a l l y  as wide as t h e  s l i ts .  A t  t h e  mono- 
chromator en t r ance  slit a c rude  f = 1.0 c m  c y l i n d r i c a l  l e n s  was used wi th  i t s  a x i s  
p a r a l l e l  t o  t h e  s l i t  t o  condense t h e  beam on to  t h e  e n t r a n c e  slit  and provide  f o r  
f i l l i n g  t h e  width of t h e  g r a t i n g .  
immediately o u t s i d e  t h e  e x i t  s l i t  o f  t h e  monochromator. 

The lamp i t s e l f  d i f f e r e d ,  however, i n  t h a t  t h e  H20 - 3H20 t NaC H 0 a t  O O C .  2 3 2  2 3 2  

The 1P28 p h o t o m u l t i p l i e r  d e t e c t o r  was p laced  

The anode r e s i s t o r  u sed  was 22 K R, and 4 f t  of RG-71 c a b l e  d e l i v e r e d  t h e  
s i g n a l  t o  t h e  input  t e r m i n a l  of a type  L p r e a m p l i f i e r  i n  a Tek t ron ix  type  545 
o s c i l l o s c o p e .  Thus the e l e c t r o n i c  response  t i m e  was about  2 usec, which approxi- 
mate ly  matches t h e  t i m e  inhomogeneity i n  t h e  gas  sample w i t h i n  t h e  2 mm wid th  of 
t h e  beam. 
ments ove r  pe r iods  l i k e  
cal  n o i s e  is achieved by  r e l a x i n g  t h e  time r e s o l u t i o n .  

F a s t e r  response  can  be  achieved ,  b u t  for recombina t ion  rate measure- 
seconds it is unnecessary ,  and r e d u c t i o n  i n  s t a t i s t i -  

The o s c i l l o s c o p e  photographs  conta ined ,  i n  a d d i t i o n  t o  t h e  l i g h t  t r ansmiss ion  
r e c o r d ,  a base  l i n e  of  z e r o  p h o t o e l e c t r i c  s igna1 , ' and  i n  d i s p l a c e d  p o s i t i o n s ,  a 
trace b e a r i n g  t i m i n g  marks and a trace of t h e  unabsorbed D h o t o e l e c t r i c  s i g n a l  from 
a s e p a r a t e  f l a s h i n g  of  t h e  lamp. 
f i r i n g  i n  t h e  same way as i n  t h e  exper imenta l  trace. 
lamp s i g n a l ,  whi le  r e p r o d u c i b l e  i n  shape ,  was n o t  q u i t e  c o n s t a n t  ove r  t h e  time of 
t h e  experiment.  

This  monitor trace was synchronized  wi th  t h e  lamp 
I t  was needed because t h e  

The JACO model 8200 monochromator was ope ra t ed  i n  an a i r  the rmos ta t  a t  
36 f 1 O C .  

and t h e  e x i t  slit width  0.570 mm. 
s u r e  mercury d i scha rge  spectrum and set t o  transmit ( i d e a l l y  uni formly)  between 
3088.7 

The f i r s t  o r d e r  spectrum was used w i t h  t h e  en t r ance  s l i t  width 0.050 mm 
The ins t rument  was c a l i b r a t e d  w i t h  a low pres-  

Aair< 3097.38, w i t h  t r ansmiss ion  dec reas ing  l i n e a r l y  t o  ze ro  a t  3087.98 

P r e c i s i o n  o f  t h e  c a l i b r a t i o n  and the rma l  s t a b i l i t v  a r e  Aair and 3098.1%sAair. 

e s t i m a t e d  a t  f0.38. 
confirmed t h e  isolation o f  t h e  l i n e s 9  between R220 (Aair = 3089.08) and Q28 

Pho tograph ic  s p e c t r a  made wi th  f i l m  h e l d  a g a i n s t  t h e  e x i t  s l i t  

(aair = 3096.88). 

Experimental  gas  m i x t u r e s  were prepared  manometr ica l ly  from commercial c v l i n d e r  
gases  i n  a thoroughly evacua ted  g l a s s - l i n e d  (domest ic  ho t  w a t e r )  tank  and hea ted  
from benea th  t o  b e  mixed by d i f f u s i o n  and convec t ion  f o r  a t  least 24 hours  be fo re  
use.  
components beyond t r a c e s  of N 

Mass spec t rog raph ic  a n a l y s i s  of  each  ba tch  confirmed t h e  absence  of  unintended 
and co2. 2 
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The rdw d a t a  ob ta ined  i n  each experiment c o n s i s t  p r i m a r i l y  of t h e  recorded  
i n i t i a l  cond i t ions ,  t h e  shock v e l o c i t y  d a t a  con ta ined  i n  t h e  photograph from t h e  
r a s t e r  o s c i l l o s c o p e ,  and t h e  OH concen t r a t ion  d a t a  conta ined  i n  t h e  o s c i l l o s c o p e  
photograph of  t h e  p h o t o e l e c t r i c  s i g n a l .  P r io r  t o  any chemica l  k i n e t i c s  a n a l y s i s  
t h e s e  d a t a  are reduced t o  t h e  apparent  OH concen t r a t ion  a s  a f u n c t i o n  of time 
under p a r t i c u l a r  cond i t ions  of tempera ture ,  p r e s s u r e ,  and c o n c e n t r a t i o n s  of o t h e r  
s p e c i e s .  These p re l imina ry  d a t a  r educ t ion  procedures  a r e  d i s c u s s e d  first. 

Shock Ve loc i ty  

Evalua t ion  of  t h e  shock wave v e l o c i t y  from t h e  gauge p o s i t i o n s  and shock 
a r r i v a l  t imes  was done by a d j u s t i n g  each time f o r  small d i f f e r e n c e s  i n  c i r c u i t r y  
response  ( c o r r e c t i o n s  of a few t e n t h s  of  a microsecond) f i t t i n g  t h e  f i v e  x , t  

( d t / d x ) - l  a t  t h e  obse rva t ion  window pos i t i on .  
i n i t i a l  p r e s s u r e ,  was i n v a r i a b l y  p o s i t i v e ,  and t h e  average  a t t e n u a t i o n  of t h e  
shock v e l o c i t y  was about  1% p e r  meter  (0.1% p e r  tube d iame te r ) .  
phragms used for t h e  h ighe r  p r e s s u r e  s h o t s  a p p a r e n t l y  opened more s low1 
times caused t h e  shock v e l o c i t y  t o  reach  its maximum f u r t h e r  downstreami0. From 
least squa res . t r ea tmen t ,  t h e  ind ica t ed  u n c e r t a i n t y  i n  b, which is most of t h e  un- 
c e r t a i n t y  i n  d t /dx ,  was u s u a l l y  a few t e n t h s  o f  a percen t .  In  a f e w  cases it was 
as g r e a t  a s  1%, i n d i c a t i n g  i r r e g u l a r  behavior  of t h e  shocks and /o r  t h e  d e t e c t i o n  
system. 

d a t a  p o i n t s  t o  t h e  q u a d r a t i c  expres s ion  t = 5 + bx + c x  1 , and e v a l u a t i n g  
Except i n  s h o t s  a t  1 5  and 20 cm He 

The h e a v i e r  d ia -  
and some- 

Hugoniot C a l c u l a t i o n s  

S o l u t i o n  of  t h e  Rankine-Hugoniot equa t ions  was c a r r i e d  ou t  by means o f  a 
computer c o d e l l  t o  o b t a i n  t h e  tempera ture ,  d e n s i t y ,  and composi t ion  behind each 
shock wave as f u n c t i o n s  of t h e  i n i t i a l  c o n d i t i o n s ,  t h e  shock v e l o c i t y ,  and t h e  
p rogres s  of chemical r e a c t i o n .  The computations f o r  equ i l ib r ium c o n d i t i o n s  were 
ob ta ined  s t r a i g h t f o r w a r d l y  by t h e  g e n e r a l  method o f  Br inkley12 which is incor -  
po ra t ed  i n  t h e  shock equa t ions  code. 
s e l e c t e d  e x t e n t s  of recombination less than t h e  f i n a l  e q u i l i b r i u m  e x t e n t  were 
made by a r b i t r a r i l y  cons t r a in ing13  t h e  number of moles p e r  o r i g i n a l  mole of ma- 

H2, 02, H 0, OH, H ,  and 0 were cons idered  t e r i a l  i n  t h e  system. The s p e c i e s  A r ,  
i n  t h e  computations.  
were ob ta ined  from t h e  JANAF t a b l e s 1 4  and fonnu la t ed  f o r  i n t e r p o l a t i o n  i n  t h e  
polynomial form used p rev ious ly  i n  t h i s l l  and o the r15  l a b o r a t o r i e s .  
t r e a t e d  as c a l o r i c a l l y  p e r f e c t  and t h e  c o e f f i c i e n t s  were eva lua ted  accord ingly .  

The r e s t r i c t e d  e q u i l i b r i u m  computations f o r  

2 I d e a l  gas thermodynamic f u n c t i o n s  for H 2 ,  02, H 0, OH, and 0 2 

A r  and H were 

Determination of  [OH 1 
The c a l i b r a t i o n  curve r e l a t i n g  absorbance and OH c o n c e n t r a t i o n  used i n  t h e  

ear l ie r  work was an e m p i r i c a l  one based on obse rva t ions  of e q u i l i b r i u m  qases  i n  
shock waves. For t h e  p re sen t  w o r k ,  a much more r e f i n e d  method has  been developed. 
I t  is a semi-empir ica l  method based i n  p a r t  on absorbance measurements i n  e q u i l i b -  
rium shocked gas, b u t  it makes use  of t h e  fundamental  molecular  p r o p e r t i e s  of OH 
t o  ex tend  t h e  c a l i b r a t i o n  t o  regimes o f  OH c o n c e n t r a t i o n ,  t empera tu re ,  and p r e s s u r e  
where equ i l ib r ium obse rva t ions  cou ld  no t  be made. 

me c a l i b r a t i o n  program c o n s i s t s  of t h r e e  p a r t s :  ( 1 )  expe r imen ta l  de te rmina t ion  
of t h e  s p e c t r a l  i n t e n s i t y  d i s t r i b u t i o n  of our,OH l i n e  sou rce ,  ( 2 )  fo rmula t ion  of 
t h e  abso rp t ion  spectrum of  OH on t h e  b a s i s  of ‘ theo ry  and i n t e g r a t e d  abso rp t ion  co- 
e f f i c i e n t s  de r ived  f r o m  independent exper iments ,  and ( 3 )  numer ica l  s y n t h e s i s  of  t h e  
msponse  of tharmal  abso rbe r  t o  t h e  lamp spectrum i n  o r d e r  t o  accoun t ,  w i th in  
e x i s t i n g  u n c e r t a i n t y  i n  t h e  abso rp t ion  spectrum parameters ,  f o r  t h e  exper imenta l ly  
determined absorbance of equ i l ib r ium mixtures .  
be ing  r e p o r t e d  s e p a r a t e l y ;  the methods used and t h e i r  a p p l i c a t i o n  t o  t h e  o l d ,  h ighe r  

The d e t a i l s  of t h e s e  s t e p s  a r e  
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p r e s s u r e  lamp spectrum are d e s c r i b e d  e1sewherel6.  
c a l i b r a t i o n  are summarized as follows. 
i n  t h e  lamp spectrum were de termined  from high  d i s p e r s i o n  photographic  spec t ro -  
grams made by r epea ted  flashes. 
were each desc r ibed  i n  t h e  computa t ions  by s u p e r p o s i t i o n  of  l i n e s  having combined 
Doppler and Lorentz broadeningl7 .  
Crosswhiteg as modified by Learner” were used. 
a b i l i t y  c o e f f i c i e n t ,  F, and t h e  p r e s s u r e  broadening  parameter,  a ,  ( a s  de f ined  i n  
t h e  l i t e r a t u r e 1 9 )  found to d e s c r i b e  s u i t a l y  t h e  measured equ i l ib r ium absorbances 
were F = 3.50 x l o e 4  and a = 335 P(atm)/T(OK). 
agreement wi th  t h o s e  r e p o r t e d  elsewhere19 s 2 0 .  Perhaps t h e  p r e s e n t  c a l i b r a t i o n  is 
n o t  s i g n i f i c a n t l y  more a c c u r a t e  than  t h e  o l d  e m p i r i c a l  one i n  t h e  regime where t h e  
l a t t e r  was determined, b u t  t h e  ex tens ion  t o  o t h e r  regimes is s u p e r i o r ,  and t h e  
whole c a l i b r a t i o n  is on a much firmer b a s i s .  

The p r i n c i p a l  f e a t u r e s  of t h e  
The l i n e  shapes  and r e l a t i v e  i n t e n s i t i e s  

The source  spectrum and t h e  abso rbe r  spectrum 

The l i n e  s t r e n g t h s  g iven  by Dieke and 
The va lues  of t h e  t r a n s i t i o n  prob- 

These va lues  a r e  i n  r easonab le  

The computer program g e n e r a t e s  t h e  absorbance ( - l o g l o  of t h e  f r a c t i o n a l  
t r a n s m i s s i o n )  of t h e  i n c i d e n t  spectrum f o r  a s p e c i f i e d  abso rbe r  t empera tu re ,  p res -  
s u r e ,  and o p t i c a l  d e n s i t y  (p roduc t  of  OH c o n c e n t r a t i o n  and pa th  l e n g t h ) .  
cove r ing  t h e  ranges  of t h e s e  parameters  involved  i n  t h e  exper iments  were assembled 
and a numer ica l  i n t e r p o l a t i o n  scheme was used t o  d e r i v e  t h e  OH concen t r a t ion  f o r  a 
series of absorbance va lues  du r ing  each experiment.  For t h i s  purpose an average 
tempera ture  and p r e s s u r e  f o r  each experiment was ob ta ined  as t h e  mean of t h e  va lues  
computed fo r  p a r t i a l  e q u i l i b r i u m  c o n d i t i o n s  wi th  z e r o  recombination and complete 
equ i l ib r ium cond i t ions .  
f i r s t  i n t e r p o l a t e d  t o  t h e  a p p r o p r i a t e  tempera ture  and then  t h e  a p p r o p r i a t e  pres -  
su re .  
s i t i e s  and hence OH c o n c e n t r a t i o n s .  A q u a d r a t i c  i n t e r p o l a t i o p  formula was used i n  
each s t e p ,  wi th  t w o  of t h e  t h r e e  v a l u e s  o f  t h e  independent v a r i a b l e  b racke t ing  t h e  
d e s i r e d  va lue .  

Po in t s  

The absorbance for each  o p t i c a l  d e n s i t v  i n  t h e  t a b l e  was 

F i n a l l y  t h e  s e v e r a l  measured absorbances  were i n t e r p o l a t e d  t o  o p t i c a l  den- 

Rate Equat ion  

The rate equa t ion  fo r  t h e  d isappearance  o f  OH i n  a r e a c t i n g  mixture  of H 2 ,  
02, H 0, OH, H ,  and 0 is developed  f o r  c o n d i t i o n s  of v a r i a b l e  d e n s i t y  shock wave 
flow i n  a manner which i n c o r p o r a t e s  t h e  recombina t ion  mechanism, r e a c t i o n s  ( 1 )  
and ( 2 ) ,  and a n t i c i p a t e s  t h e  i n s e r t i o n  of  p a r t i a l  equ i l ib r ium r e l a t i o n s h i p s  among 
t h e  s e v e r a l  spec ie s .  
re l a  t i o n s  h i p 

2 

Let u s  d e f i n e  t h e  mole number of  each s p e c i e s ,  n i ,  by the  

pni = CII ( 3 )  

where p is t h e  d e n s i t y  i n  grams p e r  l i t e r  and [I] is t h e  concen t r a t ion  of spec ie s  
I i n  moles p e r  liter. We t h e n  i d e n t i f y  t h e  p a r t i a l  d e r i v a t i v e  wi th  r e s p e c t  t o  
t i m e  ( a [ I ] / a t ) p  = p d n i / d t  as  t h e  n e t  vo lumet r i c  ra te  o f  chemical product ion  of 
s p e c i e s  121. 

Now it has been shown t h a t  1a2922  i n  t h e  system be ing  cons ide red ,  eoua t ing  t h e  
t o t a l  volumetr ic  rate o f  p roduc t ion  of  a l l  s p e c i e s  t o  t h e  combined chemical re -  
combination r a t e  from a l l  p a t h s ,  Rrecomb, l e a d s  t o  

pd(nH t nOH + 2n + 2n ) / d t  = -2 Rrecomb. 
O2 

0 

TO formula te  nH,  no, and  no , and t h e i r  d e r i v a t i v e s  i n  terms of  t h e  measure< 

[OH], we  proceed as fo l lows .  Le? 
[OH1 = a [HI. ( 5 )  

Then 

H noH = a n 



and 
pdnH/dt  = (p /n)dnOH/dt  - (pnoH/a2)da /d t .  

S i m i l a r l v  l e t  

so t h a t  

11? 

( 7 )  

2 

no + n02 = OPnOH 
and 

(10)  2 2 2  2 Pd(no + n ) / d t  = 2RP nOHdnoH/dt + P nOHd B/dt + U P  nOHdP/dt. 
O2 

The s c a l e  of time, t ,  exper ienced  by an element of shocked  as is conver ted  
t o  t h e  scale I a t  an obse rva t ion  p o i n t  s t a t i o n a r y  wi th  r e s p e c t  t o  t h e  unshocked 
g a s  by 

d t  = ( P / P ~ )  d7 (11 )  
where P 

v a r i a b l e  [OH]. Then from t h e  d e f i n i t i o n ,  eoua t ion  (31, it fo l lows  t h a t  

is t h e  d e n s i t y  of  t h e  unshocked gas .  
0 

The v a r i a b l e s  p ,  a, and E are cons ide red  as f u n c t i o n s  of t h e  independent 

PdnOH/dt = d[OH]/dt ( 1  - d In  P /  d I n  [OH]) ( 12 )  

F i n a l l y ,  f o r  cond i t ions  i n  which t h e  recombination mechanism c o n s i s t s  of  
r e a c t i o n s  (1) and ( 2 )  and * a l l  d i s s o c i a t i o n  rates are n e g l i g i b l e ,  w e  expres s  t h e  
t o t a l  recombination r a t e ,  Rrecomb, i n  terms of concen t r a t ions  and convent iona l  
r a t e  c o e f f i c i e n t s  by 

(13 )  2 
Rrecomb = k l  CM1lCHl + k 2  C M 2 1 C H l C O H l  

where [M 1 and [M 3 a r e  t h e  t o t a l  gas  concen t r a t ions  a c t i n g  as t h i r d  bod ies  i n  
recombination r e a c t i o n s  ( 1 )  and ( 2 ) .  1 2 

Then s u b s t i t u t i o n  of  eaua t ions  ( 5 )  - (13 )  i n t o  equa t ion  (4) and rearranpement 
of terms l e a d s  t o  

( 1  t a + 4aB[OH])(1 - d I n  P/d I n  [OH]) - d In  a / d  I n  [OH] 

t 2aB[OH](d In  R/d In  [OH] + d In  p/d In  [OH]) }-’. (14)  

For convenience we now refer t o  t h e  factor 2 and t h e  complicated expres s ion  i n  
b races  on t h e  r i g h t  hand s i d e  of equat ion  (14)  as A ,  and f o r  l a c k  of  in format ion  
t o  t h e  con t r a ry ,  i d e n t i f y  t h e  t h i r d  body concen t r a t ions  [M,] and [M,] w i th  t h e  
to ta l  gas  concen t r a t ion ,  [MI. 
exper imenta l  gas  mixture ,  and w e  r e -wr i t e  t h e  ra te  equa t ion  a s  

Thus t h e  ra te  c o e f f i c i e n t s  a r e  r e f e r r e d  t o  the  

ad(l/COHl)/dt = A (P/P,) tMl(kl + ak2) (15 )  

Equat ion  (15) has  been cast i n  t h i s  form i n  a n t i c i p a t i o n  of f i n d i n n  t h e  d i s -  
appearance of OH t o  
of an approximately 

be  e f f e c t i v e l y  second o r d e r  in-OH and of determining t h e  s l o p e  
l i n e a r  p l o t  of l / [ O H ]  v e r s u s  7 from each experiment.  
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RESULTS 

Experiments have been done wi th  t h r e e  d i f f e r e n t  g a s  mix tu res ,  whose compo- 
s i t i o n s  a r e  given below: 

Mixture 
De s igna  t ion  %H2 

R- 1 
R-2 
R- 3 

4.03 
2 . 0 2  
8.07 

1.00 
0.50 
1.00 

% A r  

94.97 
97.48 
90.93 

The r e s u l t s  of  t h i r ty -one  exper iments  i n  t h e  tempera ture  range  1400° T 5 20000K 
are assembled i n  Table I. I n  t h e s e  exper iments ,  t h e  p l o t s  from which d(l/[OH])/dr 
w a s  de te rmined  were approximate ly  s t r a i g h t  ove r  t h e  e n t i r e  i n t e r v a l  p l o t t e d ,  which 
i n  most cases was from abou t  50 psec t o  about 500 Usec a f t e r  passage  of  t h e  shock 
f r o n t .  
g iven  i n  column 4. Columns 6 
and 7 c o n t a i n  t h e  v a l u e s  o f  [OH] and tempera ture  computed from t h e  i n i t i a l  d a t a  and 
shock velocity f o r  each experiment on t h e  b a s i s  of  equ i l ib r ium wi th  r e s p e c t  t o  a l l  
r e a c t i o n s  except  d i s soc ia t ion - recombina t ion  r e a c t i o n s  and no change i n  t h e  t o t a l  
mole number n = C n I m p l i c i t  i n  

During t h i s  pe r iod  [OH] f e l l  from t h e  values g iven  i n  column 3 t o  those  
Column 5 c o n t a i n s  t h e  s l o p e s  de r ived  from t h e  p l o t s .  

from t h e  va lue  no i n  t h e  unshocked gas  mixture .  i’ t h e s e  computations a r e  t h e  r e l a t i o n s h i p s :  -. 

a = C O H l / C H I  = K18CH201/CH21 (16)  

and 

B = (COl + CO21)/C0Hl2 = Kl9/CH20l t K20/CH21  

where K18, K19, and K20 are t h e  equ i l ib r ium constants f o r  t h e  r e a c t i o n s  

H t H20 * O H  + H 2  (18) 

and 

OH t OH s H 2 0  + 0 (19) 

(20) 2 
OH t OH * H p  + 0 

Complete convers ion  of t h e  i n i t i a l  0 t o  H 0 wi th  no  product ion  of OH, H ,  o r  2 0 corresponds  t o  f i n a l  v a l u e s  of n/no o f  8.990 i n  mix tu res  R-1 and R-3 and 0.995 
i n  mixture  R-2, and computa t ions  show t h a t  [OH] v a r i e s  approximately l i n e a r l y  with 
n/no. 

To i n t e r p r e t  d(l/COHl)/dr by equa t ion  (15) for  c o n d i t i o n s  p r e v a i l i n g  e a r l v  
i n  t h e  recombination r e a c t i o n ,  computations were made o f  p a r t i a l  e a u i l i b r i u m  condi- 
t i o n s  wi th  n/n The va lues  o f  [MI, a, ( p / p 0 ) ,  and R [OH] 
were t aken  as ?he means o f  t h e s e  two computations,  and t h e  loga r i thmic  d e r i v a t i v e s  
which appear  i n  t h e  f a c t o r  A were approximated f r o n  t h e  f i n i t e  d i f f e r e n c e s  hetween 
these  two computations.  [MI and a so eva lua ted  are l i s t e d  i n  columns 8 and 9 of 
Table I .  ( p / p  ) was i n v a r i a b l y  between 3.2 and 3.6. The f a c t o r  A v a r i e d  svstem- 
a t i c a l l y  from P.7 t o  1.0 as a v a r i e d  from 0 .01  t o  0.1. 

ob ta ined  from t h e  measured s l o p e s  i n  column 5 by m u l t i p l i c a t i o n  by t h e  f a c t o r  
UPo/ P[M]A. 
squa res  f i t t i n g  of t h e  e n t i r e  se t  o f  va lues  08 k + ak2 
ca ted  s u b s e t s  t he reo f .  

= 1.000 and n/no = 0.999. 

The de r ived  v a l u e s  of k t ak given  i n  t h e  l a s t  column of  Table I were 
2 

The fo l lowing  v a l u e s  o f  kl  and k /kl have been de r ived  by l i n e a r  least  
i n  Table I and t h e  i n d i -  1 

i 
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k 2 / k l  - Grow> of Cxwriments  kl 

2 -2 -1 T ranqe [MI r anse  Mixtures No. l i t e r  mole s e c  

-0 m o l e / l i t e r  x 10 x 3 

1400-2000 8-36 A l l  31 6.6 7 .1  
1400-1700 8-36 A l l  1 7  6.1 11.k 
1700-2000 9-30 A l l  1 4  5.9 8.5 
1400-1700 8- 10 R - 1  ,R-3 6 5.6 17.8 
1400-1700 17-19 R-l,R-3 7 6.1 9.5 
1700-2000 9-10 R-l,R-3 6 6.6 7.7 
1700-2000 17-19 R-l,R-3 4 4.9 14.0 

IJe conclude t h a t  k i n  an  atmosphere c o n s i s t i n g  p r imar i ly  of argon i s  

6 t 1 x 10 l i t e r  mole sec between 1400° and 2000°K, and t h a t  k /k -10 f 5 
under t h e s e  same cond i t ions .  No v a r i a t i o n  of e i t h e r  k or k /k w i t h  t empera ture  
can be e s t a b l i s h e d .  
apparent  ra te  c o e f f i c i e n t s  a t  h ighe r  va lues  of  [MI or [OH] is shown between t h e  
groups of g o i n t s  i n  mixtures  R - 1  and R-3 wi th  [MI = 9 x mole/liter and [MI 
= 18 x 10- m o l e / l i t e r .  However, t h i s  t r e n d  is not  c o n s i s t e n t l y  borne  ou t  by t h e  
few exper iments  a t  s t i l l  h igher  d e n s i t i e s  or t h e  r a t h e r  s c a t t e r e d  d a t a  from 
mixture  R-2. Such a t r e n d  may or may not  be due t o  a small s y s t e m a t i c  e r r o r  i n  
t h e  OH abso rp t ion  spectrum c a l i b r a t i o n .  

8 2 -1 -1 
2 1  

1 2 1  When t h e  p o i n t s  are p l o t t e d ,  a small t r e n d  toward lower 

.J 
To be  s u r e ,  s i g n i f i c a n t  depa r tu re  o f  a from t h e  assumed p a r t i a l  equ i l ib r ium 

va lue  of K18 [H20]/[H2] would l e a d  t o  s e r i o u s  e r r o r  i n  t h e  r a t e  c o e f f i c i e n t s  
deduced. However, t h e  a v a i l a b l e  da ta23  on t h e  r a t e s  of t h e  b imolecu la r  r e a c t i o n  
p a t h s  by which t h i s  equ i l ib r ium is approached i n d i c a t e  t h a t  a does  n o t  d e p a r t  from 
its i d e a l  va lue  by more than  one pe rcen t  under t h e  cond i t ions  of t h e  p r e s e n t  ex- 
per iments .  
t o  [OH] would be  less s e r i o u s  i n  t h e  r i c h  mix tu res  s t u d i e d  here .  

Departure of [O] and [O ] from t h e i r  assumed equ i l ib r ium r e l a t i o n s h i p  
2 

The composition of  t h e  gas  a c t i n g  as t h e  t h i r d  body i n  t h e  p r e s e n t  work 
d i f f e r s  g r e a t l v  from t h a t  which has  been used i n  any of t h e  o t h e r  s t u d i e s  i n  t h i s  
sys tem,  and t h e  r a t e  c o e f f i c i e n t s  determined cannot be compared i n  d e t a i l .  The 
va lues  found he re  a r e  g e n e r a l l y  lower than  those  r epor t ed3  s4 i n  mix tu res  composed 
p r i m a r i l y  o f  H 2 ,  ti?, and H20. Within ou r  own exper iments ,  t h e  on ly  component o f  
[MI t o  vary  apnrec i ab ly  and s y s t e m a t i c a l l y  a s  a was v a r i e d  is [tl 3 ,  which was 
about  e i g h t  times a s  l a r g e  ( a f t e r  formation of H 0, H ,  and OH) i n  t h e  exoer iments  
wi th  mixture  R-3 as i n  those  with mixture  R-2. 
than  A r  i n  catalvzinp; r e a c t i o n s  (1) and ( 2 1 ,  t h e  apparent  r a t e  c o e f f i c i e n t s  a t  
lower a would be inc reased ,  producine h ighe r  kl va lues  and lower k f k  values .  
Other  workers3,' have not  found evidence for marked e f f i c i e n c y  of 3 

2 
?f H 2  were markedly more e f f i c i e n t  

1 a s  t h i r d  body. 2 

CAS DYNAMIC INSTABILITY 
Nine a d d i t i o n a l  experiments were a t tempted  a t  t empera tures  between l l O O o  and 

1300OK. These y i e lded  apparent  r a t e  c o e f f i c i e n t s  which s c a t t e r e d  between 50% and 
200% of  those  found above 1400OK. In  s e v e r a l  of t h e s e  exper iments ,  n a r t i c u l a r l y  
those  a t  h i g h e r  d e n s i t i e s ,  t h e r e  were undu la t ions  of  t h e  OH abso rp t ion  record  and 
o t h e r  i n d i c a t i o n s  of s p i n - l i k e  i n s t a b i l i t y  i n  t h e  flow behind t h e  shock wave. I n -  
v e s t i g a t i o n  of t h i s  behav io r  is o u t s i d e  t h e  scope of  t h e  p r e s e n t  paper.  However 
it may w e l l  be  t h a t  such i n s t a b i l i t i e s  are i n  f a c t  p r e s e n t  in the h i g h e r  tempera ture  
exper iments ,  b u t  t h e l r  scale is e v i d e n t l y  f i n e  enough not  t o  d i s r u p t  t h e  k i n e t i c s  
d r a m a t i c a l l y .  

. 
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